We investigated the effect of Zr doping power on the electrical, optical, structural and morphological properties of ZrO 2 and In 2 O 3 co-sputtered In-Zr-O (IZrO) thin films as transparent anodes for bulk-heterojunction organic solar cells (OSCs). Increased Zr doping power led to increased resistivity of as-deposited IZrO films while decreased resistivity of IZrO films annealed at 500
Introduction
Rapid advances in organic semiconductor materials and device fabrication technologies have led to the increased power conversion efficiency (PCE) of organic solar cells (OSCs) over the last ten years [1] [2] [3] [4] [5] . Recently, the PCE values for small molecule active layer-based OSCs and polymer active layer-based OSCs increased up to 12% and 10%, respectively [3, 6] . Most research has focused on synthesizing organic active layers or hole/electron buffer layers to improve the exciton formation efficiency of OSCs, even though transparent electrodes are also important components that affect the performance of OSCs [3, 7] . Because exciton formation efficiency and carrier extraction efficiency are affected by the optical and electrical properties of transparent electrodes, the PCE of OSCs is closely related to the quality of transparent electrodes. Several transparent electrode materials have been suggested as transparent anodes for OSCs, including polymer electrodes, carbon-based electrodes, metal grids, Ag nanowire networks, oxide/metal/oxides multilayer and indium-free TCO electrodes, such as Al-doped ZnO, Ga-doped ZnO and F-doped SnO 2 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Sputtered Sn-doped In 2 O 3 (ITO) films have been heavily used as transparent electrodes in OSCs and inverted OSCs due to their high conductivity and optical transmittance [18] [19] [20] [21] [22] [23] [24] . However, considering the variety of oxide materials with a different band gap and optical transmittance, new transparent conducting oxide (TCO) materials with special optical and electrical properties should be designed for OSCs and inverted OSCs to replace ITO anodes. In particular, In 2 O 3 -based TCO doped with Mo, Ge, Ti, Si, Ta and W has been extensively investigated for use in high-mobility TCO (HMTCO) films due to its high near infrared (NIR) transmittance [25] [26] [27] [28] [29] [30] . Among several HMTCO films, Zrdoped In 2 O 3 (IZrO) films are promising TCO materials due to their high conductivity and optical transmittance in the NIR wavelength region. Kim et al reported that an IZrO film prepared by pulsed laser deposition (PLD) has a resistivity of 2.5 × 10 −4 cm and optical transmittance of 89%, which is comparable to ITO films [31] . In addition, Koida and Kondo suggested that an IZrO film grown epitaxially by PLD is superior to ITO films as a conductive oxide with high optical transmittance in the NIR region [32] . Although the electrical and optical properties of IZrO films have been reported [25, [31] [32] [33] , there is no report on the application of IZrO anodes in OSCs. In addition, a detailed investigation regarding the effect of Zr doping power on the resistivity, transmittance, microstructure and electronic structure of IZrO films is still lacking even though IZrO films are promising candidates for HMTCO films.
In this work, we investigated the effect of Zr doping power on the electrical, optical, structural and morphological properties of co-sputtered IZrO films. These films are intended for use as transparent anodes in OSCs instead of conventional ITO anodes due to their high NIR transparency. By varying the radio frequency (RF) power of the ZrO 2 target during ZrO 2 and In 2 O 3 co-sputtering, we investigated the changes in the electrical, optical, structural and morphological properties of the as-deposited and annealed IZrO films. Under optimized conditions, the IZrO film showed a sheet resistance of 20.71 /square and optical transmittance of 83.9%, which is comparable to the value of sputtered ITO films. We also compared the performances of OSCs with an optimized IZrO anode and a reference ITO anode to show the potential of IZrO anodes for replacing conventional ITO anodes.
Experimental details
A dc and RF magnetron sputtering system with dual cathodes was employed to deposit 200 nm thick Zr-doped In 2 O 3 (IZrO) films on a glass substrate. Using the co-sputtering method, different RF and dc powers were applied to each ZrO 2 and In 2 O 3 target, and IZrO films were prepared as a function of ZrO 2 doping power. Before the co-sputtering process, 25 × 25 mm 2 glass substrates were cleaned using acetone, methanol, isopropyl alcohol and deionized water in an ultrasonic bath taking 15 min for each step. They were then dried in nitrogen gas. Both ZrO 2 (Dasom RMS) and In 2 O 3 (DNT Korea) ceramic targets were pre-sputtered for 20 min under pure Ar ambient to remove contaminants on the targets. After pre-sputtering ZrO 2 and In 2 O 3 targets, the IZrO films were deposited on the glass substrates at a constant dc power of 100 W in the In 2 O 3 target, an Ar flow rate of 10 sccm and a working pressure of 3 mTorr, as a function of ZrO 2 RF doping power from 0 to 50 W. To obtain uniformly Zr doped In 2 O 3 films, the glass substrate was constantly rotated at a speed of 20 rpm during the ZrO 2 and In 2 O 3 co-sputtering process. The distance between targets and the glass substrate was maintained at 100 mm. At a constant dc power of In 2 O 3 , the ZrO 2 RF power was varied to investigate the effect of Zr doping power on the properties of 200 nm thick IZrO films. After deposition of 200 nm-thick IZrO films, all IZrO films were thermally annealed at 500
• C under N 2 conditions (∼10 −1 Torr) for 10 min using a commercial RTA system (SNTEK RTA system). The electrical properties of the as-deposited and 500
• C annealed IZrO films were analysed by Hall measurement as a function of Zr doping power. The conduction mechanism of the optimized IZrO film was investigated based on resistivity change with decreasing temperature. The resistivity of the optimized IZrO film was measured using a physical property measurement system (Quantum Design) in the temperature range from 300 to 5 K. In addition, the optical transmittance of the as-deposited and 500
• C annealed IZrO films were measured by a UV/visible spectrometer (UV 540, Unicam). The work function of the optimized IZrO film was measured by a Kelvin probe (KP Technology). The structure of the as-deposited and 500
• C annealed IZrO films was examined by x-ray diffraction (XRD: M18XHF-SRA) as a function of Zr doping power. The microstructure of the optimized IZrO film was analysed by high-resolution transmission electron microscopy (HRTEM: JEM-2100F). Detailed electronic structures of the IZrO films, related to changes in the band gap and unoccupied states in the conduction band, were analysed by spectroscopic ellipsometry (SE). The SE measurement was performed by a rotating analyser system with an auto-retarder in the energy range 0.75-6.4 eV with incident angles of 65
• -75
• . To apply IZrO films as transparent anodes for OSCs, conventional bulk-heterojunction OSCs based on poly(3-hexylthiophene) (P3HT, Rieke Metals) and [6, 6] phenyl-C 61 butyric acid methyl ester (PCBM, Nano-C) were fabricated.
As a reference anode for OSCs, conventional dc-sputtered ITO films were also prepared. The commercial ITO-coated glass was purchased from Samsung Corning Precision Materials. Before coating with a poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT : PSS, Clevios PH510) buffer layer, both IZrO/glass and ITO/glass samples were cleaned by conventional cleaning processes. Then, the surfaces of IZrO and ITO anodes were modified by the UV/ozone treatment for 10 min to improve wetability of the PEDOT : PSS layer and remove the contaminants on the anodes. PEDOT : PSS buffer layers were then spin-coated on the UV/ozone-treated IZrO and ITO anodes. Subsequently, the PEDOT : PSS layer was annealed at 120
• C for 10 min in air. After coating of PEDOT : PSS, a blend of P3HT (50 mg) and PCBM (50 mg) in 1,2-dichlorobenzene (2 ml) was spin-coated onto the PEDOT : PSS layer at 700 rpm for 60 s in a nitrogen-filled glove box. This was followed by a solvent-annealing treatment for 120 min and additional thermal annealing at 110
• C for 10 min. Finally, a Ca/Al (20/100 nm) cathode with an area of 4.66 mm 2 was deposited on the photoactive layer using a thermal evaporation system. The Ca/Al cathode layer was patterned by a thin shadow metal mask. All organic and cathode layers on IZrO and reference ITO anodes were prepared by identical coating processes at the same time. The interface in OSCs with IZrO anodes was investigated by HRTEM analysis. The photocurrent density-voltage (J -V ) curves of OSCs with IZrO and reference ITO anodes were measured using a Keithley 1200 source measurement unit under 100 mW cm
illumination with AM 1.5 G irradiation from a solar simulator. Figure 1 shows the optical transmittance of the as-deposited and 500
Results and discussion
• C annealed IZrO films as a function of ZrO 2 doping power from 10 to 50 W. For comparison, optical transmittance of a reference ITO film is also shown in figure 1. Although they were grown at room temperature, the as-deposited IZrO films shown in figure 1(a) exhibited a typical crystalline In 2 O 3 transmittance with a deep valley in the 600 nm wavelength region regardless of the ZrO 2 doping power. Due to the existence of nanocrystalline In 2 O 3 or Zr-doped In 2 O 3 phase, the as-deposited IZrO films showed optical transmittance unlike the amorphous In 2 O 3 phase [24] . The upper panel pictures show the transparency of the as-deposited IZrO films with increasing ZrO 2 doping power. Below ZrO 2 power of 30 W, all as-deposited IZrO films showed similar transparency with a greenish colour. However, the IZrO films doped at ZrO 2 powers of 40 and 50 W exhibited a slightly bluish colour. The IZrO films annealed at 500
• C also showed high optical transmittance regardless of the ZrO 2 doping power, as shown in figure 1(b). Although they underwent annealing at 500
• C, they showed similar optical transmittance to the as-deposited IZrO films. In addition, the sample colour in the upper panel is similar to that of the as-deposited IZrO films. At a wavelength of 550 nm, an increase in ZrO 2 doping power from 10 to 50 W decreased the optical transmittance from 82.66% to 76.12%. In addition, an increase in ZrO 2 doping power led to high energy shifts of the band edges of the IZrO films. High energy shifts of band edges indicate that the band gaps of the IZrO films increase with increasing ZrO 2 doping power. The widened band gap that results from increased ZrO 2 doping power is related to the Burstein-Moss (BM) effect [34] . When In 2 O 3 is doped with Zr, the conduction band of IZrO is partially filled with electrons, and the Fermi level is located inside the conduction band. Filling electrons in the conduction band can shift the Fermi level to a higher energy state in the conduction band. Therefore, transitions to lower energy are blocked, which is known as the BM effect. In addition, the transparency of the IZrO films in the NIR wavelength region above 800 nm was much higher than that of the conventional ITO films and other HMTCO films [26] [27] [28] [29] [30] . Note that there was no change in transparency of NIR region, indicating that the annealed IZrO films possess similar free carrier concentrations regardless of the ZrO 2 power. cm. The increased resistivity of the IZrO film with increased ZrO 2 doping power is attributed to the insulating properties of the co-sputtered ZrO 2 dopant in the In 2 O 3 matrix. The activation energy for substituting Zr 4+ dopant with In 3+ atoms to provide excess electrons is insufficient at room temperature. room temperature because they cannot effectively substitute at In sites. Because Zr atoms were doped into the In 2 O 3 matrix by sputtering with a ZrO 2 target rather than a metallic Zr target, significantly higher activation energy was necessary to decrease the resistivity of the IZrO films. Therefore, a Zr dopant activation process that uses rapid thermal annealing (RTA) is imperative to obtain low-resistivity IZrO films.
Figure 3(a) shows the resistivity and sheet resistance of the 500
• C annealed IZrO films with increased ZrO 2 doping power. Unlike the as-deposited films, the 500
• C annealed IZrO films showed decreased resistivity and sheet resistance with increased ZrO 2 doping power. At 50 W Zr doping power, the IZrO film showed the lowest resistivity of 4.14 × 10
cm and sheet resistance of 20.71 /square. The low resistivity of the 500
• C annealed IZrO films is attributed to the efficient activation of Zr dopant and crystallization of IZrO films. Like Sn 4+ dopants in ITO films, a Zr 4+ ion can substitute the In 3+ site and produce an excess electron in the In 2 O 3 matrix after RTA. The high carrier concentration of 4.11 × 10 20 cm −3 and mobility of 36.7 cm 2 V −1 s −1 of the IZrO films prepared at 50 W ZrO 2 power confirmed that the Zr dopant was effectively activated. In addition, the RTA process improved the crystallinity of the IZrO films. For ITO films, a high carrier concentration caused by high Sn dopant contents above 10 wt% is the main factor causing low resistivity. However, low resistivity was obtained with low Zr dopant contents for IZrO films due to fairly high carrier mobility [32] . Therefore, the low resistivity of the annealed IZrO films is attributed to increased carrier mobility, as shown in figure 3(b) . Compared with the previously reported IZrO films prepared by PLD [31, 32] , the IZrO films prepared by sputtering showed lower carrier mobility because Zr activation was carried out by a post-annealing process.
To understand the conduction mechanism of the optimized IZrO films, the resistivity was measured as a function of temperature. Figure 4 presents the temperature dependence of the resistivity of the optimized IZrO films (50 W ZrO 2 power) as a function of temperature from 5 to 300 K. It was clearly shown that the resistivity of the IZrO film decreased with decreasing temperature. Positive dependence (dρ/dT > 0) of resistivity on temperature indicates that the IZrO film had typical metallic conduction behaviour due to degenerated semiconductor properties. Similar to our previously reported HMTCO films [26] [27] [28] [29] [30] , the resistivity of the IZrO films decreased with decreasing temperature because the carrier electron flow was dominated by an electron-phonon scattering mechanism. As the temperature decreased, electron-phonon scattering decreased, resulting in a decrease in the IZrO resistivity. Figure 5 shows the figure of merit (T 10 /R sh ) values obtained from the sheet resistance (R sh ) and optical transmittance (T ) of the 500
• C annealed IZrO films as a function of the Zr doping power. The figure of merit value was calculated using optical transmittance at 550 nm and average transmittance between 400 and 1200 nm wavelengths. As suggested by Haacke [35] , the figure of merit values are well-known criteria for deciding the optimized conditions of TCO films. They are also used to compare the quality of TCO films. Figure 5 figure of merit value of 8.37 × 10 −3 −1 , which is comparable to that of conventional ITO films (6.8 × 10 −3 −1 ). Therefore, the optimized doping power of ZrO 2 was determined to be 50 W. Table 1 summarizes the properties of the optimized IZrO and reference ITO electrodes. Figure 6 (a) shows the XRD plots of the as-deposited IZrO films with increasing ZrO 2 doping power. Regardless of the ZrO 2 doping power, all XRD plots of the as-deposited IZrO films exhibited two broad (2 2 2) and (4 0 0) peaks at 2θ = 29.7
• and 34.56
• . Because all films were prepared at room temperature, the as-deposited IZrO film consisted of nanocrystalline In 2 O 3 or Zr-doped In 2 O 3 phase with (2 2 2) and (0 0 4) preferred orientation. Like conventional crystalline ITO films, the XRD plot of the 500
• C annealed IZrO films showed several strong peaks including (2 2 2), (4 0 0), (4 4 0) and (6 2 2 In 3+ ions (0.80 Å), the annealed IZrO film showed a bixbyite structure similar to that of ITO films [32] . In particular, the stronger intensity of the (2 2 2) peak of the annealed IZrO films indicates that the 500
• C annealed IZrO film has strongly (2 2 2) preferred grains regardless of the ZrO 2 doping power.
To investigate the electronic structure of the IZrO films near the conduction band, SE measurements were carried out as a function of the ZrO target plasma power. The absorption coefficient spectra of the IZrO films on Si substrates are shown in figure 7(a) . These spectra were extracted from a simple four-phase model, comprised of a Si substrate, SiO 2 overlayer, IZrO overlayer and an ambient layer [36] . The extracted optical band gap slightly increased with increased ZrO 2 doping power. This implies an increase in incorporated ZrO 2 with the band gap of ∼5 eV, which is similar to the transmittance results shown in figure 1 . Interestingly, appearance of the onset energy above the optical band gap around ∼3.5 eV includes the conduction band states of IzrO electrodes. These correspond to hybridized molecular orbital states mixed by the In 5sp + O 2p states and Zr 4d + O 2p states [29, 37] . The conduction band near the band gap of the IZrO film with 50 W ZrO 2 doping power is significantly expanded by increasing the incorporated ZrO 2 . This indicates an increase in unoccupied absorption states caused by adding the hybridized states of Zr 4d + O 2p into the matrix of In 5sp + O 2p states, which improves charge transport. The schematic diagram plotted in figure 7(b) indicates increases in the number of unoccupied states. As a result, the changes in electronic structure caused by incorporating ZrO 2 are strongly related to the low resistivity of the InZrO films with 50 W ZrO 2 doping power.
AFM analysis was employed to compare the surface morphology of the as-deposited and 500
• C annealed IZrO films prepared at 50 W ZrO 2 doping power. Figure 8 which has very smooth surface morphology and a low root mean square (RMS) roughness of 2.02 nm. Although the IZrO sample was prepared at room temperature, the surface AFM image of the as-deposited sample showed crystalline features, which is consistent with XRD results. The 500
• C annealed IZrO film in figure 8(b) also has a very smooth surface even though it has (2 2 2) and (4 0 0) preferred orientation after the RTA process. Unlike conventional ITO films grown by in situ substrate heating, the IZrO films were crystallized by irradiation heating with a halogen lamp in the RTA system [38] . Because of this, the IZrO films showed fairly smooth surface morphology. The RMS roughness of the annealed IZrO films was 1.97 nm, which is similar to that of the asdeposited IZrO films. The smooth and featureless surface of the transparent anode without protrusion, cracks and holes is one of the important factors affecting the printing-based coating process of an organic active layer. In general, organic layers are directly coated on a transparent electrode using various printing processes. Therefore, the smoothness of the transparent electrode critically affected the uniformity of the organic layer. In addition, the shunt resistance of OSCs may be affected by the surface morphology of transparent anodes. Therefore, the smooth surface of the IZrO films possessed surface properties that are desirable for fabrication of printingbased OSCs [39] . Figure 9 (a) shows the x-ray photoelectron spectroscopy (XPS) depth profile of the optimized IZrO film prepared at a ZrO 2 doping power of 50 W. The XPS depth profile shows constant In, Zr and O atomic percentages with increased etching time, indicating that the co-sputtered IZrO film has a uniform composition. The Zr content in the IZrO film was very low (∼0.5 at%) even though it was prepared at 50 W RF power. The low Zr content led to high NIR transmittance because the free carrier concentration in the TCO films is critically related to the NIR transmittance [41] [41] .
HRTEM analysis was carried out to investigate the microstructure of the optimized IZrO film. Figure 10(a) shows a cross-sectional HRTEM image obtained from the 500
• C annealed IZrO film prepared at 50 W ZrO 2 doping power.
As expected from the XRD results in figure 6 , the IZrO film possessed a well-developed columnar structure consisting of subgrains with a strongly preferred (2 2 2) orientation. The HRTEM image also shows that the surface of the 500
• C annealed IZrO film is very smooth, as confirmed by AFM analysis. Although the IZrO film was annealed at 500
• C, the formation of a columnar structure does not affect the morphology of the IZrO films. Figure 10 figure 10(a) . The enlarged HRTEM image obtained from the middle region (B ) of the IZrO film has a well-developed bixbyite structure when compared with the HRTEM image obtained from the bottom region (A ), which has characteristics of a columnar structure. The strong spot in the FFT pattern (B ) indicated that the crystallinity of the IZrO film improved with increasing thickness. Because the halogen lamp in the RTA process effectively heats at the surface of the IZrO films, the IZrO film showed better crystallinity at the surface region than at the bottom region, as shown in figure 10(b) .
To investigate the feasibility of using IZrO films as transparent anodes for OSCs, the performance of OSCs composed of a P3HT : PCBM active layer was examined. Figure 11 (a) shows a picture of bulk-heterojunction OSCs fabricated on the optimized IZrO anode. Figure 11 figure 10(b) . The enlarged lattice image in figure 11(c) shows that the IZrO film has a lattice constant of 2.885 Å, which is similar to the value calculated from XRD results (2.908 Å).
Photocurrent density-voltage (J -V ) curves for the OSCs fabricated on reference ITO and IZrO anodes are shown in figure 12(a) , which includes an inset picture of the OSC with an IZrO anode. The photovoltaic characteristics of OSCs were measured under 100 mW cm −2 illumination and AM 1.5 G conditions. Table 2 presents cell performances such as the fill factor (FF), short-circuit current density (J sc ), open-circuit voltage (V oc ) and PCE of OSCs with different anodes. As demonstrated by figure 12(a) a 10% lower PCE value than the reference sample due to the lower FF value and current density. Because the OSC fabrication process on the IZrO anode was not optimized unlike the reference ITO anode, further improvement of device performance is necessary, The energy level band diagram of OSCs with an IZrO anode is illustrated in figure 12(b) . The work function of IZrO (5.264 eV) and ITO (4.80 eV) was investigated with a Kelvin probe measurement, and each energy level of PEDOT : PSS, P3HT and PCBM was obtained from the literature [42] . Although the work function of the IZrO anode was different from that of the ITO anode, their V oc values were similar due to the identical PEDOT : PSS buffer layer. This allows ohmic contact between the anode and the active layer [18] . It is thought that sheet resistance and optical transmittance have greater effects on the device performance of OSCs than the work function of the anode [43] . Thus, the excellent cell performances of IZrO-based OSCs may be largely due to the low sheet resistance of 20.71 /square and high transmittance of 83.9%. In addition, the OSCs fabricated on IZrO electrodes utilized P3HT : PCBM active layers that absorb light wavelength between 400 and 650 nm. Improved cell performance is expected, if an organic active layer that absorbs wavelengths from the NIR region is employed. This is due to the high transmittance of the IZrO films in the NIR region. Therefore, it is believed that IZrO films are a promising TCO electrode material for OSCs or tandem OSCs with active materials that absorb the NIR region of light.
Conclusion
We investigated the effect of Zr doping power on the properties of IZrO films prepared by co-sputtered ZrO 2 and In 2 O 3 targets as an alternative to ITO anodes for OSCs. At ZrO 2 doping RF power of 50 W and rapid thermal annealing temperature of 500
• C, we obtained a high-quality IZrO anode with a low resistance of 20.71 /square, high transmittance of 83.9% and work function of 5.26 eV. Due to the similar ion radii of Zr 4+ dopant and In 3+ ions, the IZrO films showed a bixbyite structure similar to that of In 2 O 3 films regardless of the Zr doping power. Based on SE analysis, we suggested the possible electronic structure of the IZrO films and the effect of the ZrO 2 doping power. Furthermore, the IZrO films exhibited smooth and featureless surfaces even though they showed (2 2 2) preferred orientation. Using an optimized IZrO anode, we fabricated a high-performance OSC with a PCE of 3.106%, which is comparable to that of an OSC fabricated on a commercial ITO anode (3.495%). This result indicates that the IZrO film is a high-quality In 2 O 3 -based TCO anode material with high transmittance in the NIR wavelength region. IZrO films are promising substitutes for conventional ITO anodes in OSCs that absorb the NIR region of light.
